We report high-efficiency Ti:sapphire-laser-based frequency doubling at the cesium D2 line 852 nm using a 20 mm-long periodically-poled potassium titanyl phosphate crystal in a bow-tie four-mirror ring enhancement cavity. The relatively complete cavity design procedure is presented. Focusing that is over twice as loose as optimal focusing is used, and both the fundamental frequency wave and second harmonic beam absorption-induced thermal lensing effects are weakened. Blue light of 210 mW at 426 nm, where absorption is severe, was obtained with 310 mW mode-matched fundamental light, corresponding to conversion efficiency of up to 67%. The blue light beam power showed 1.5% RMS fluctuation over 40 min.
Introduction
Frequency doubling of near-infrared light is an important method to obtain blue light, and this method has been widely used in many fields, including optical measurement [1] , information storage and readout [2, 3] , nonlinear optics [4, 5] , quantum optics [6, 7] , quantum information [6, 8] and other fundamental research fields in quantum physics. Specifically, those wavelengths that correspond exactly to atomic transitions are significant, because they provide various important quantum resources via optical parametric process for research of the interactions between nonclassical light and matter [9, 10] , quantum metrology [11] and quantum storage [12, 13] . For example, one can improve the sensitivity of a magnetometer by probing atomic spin ensembles with a polarization-squeezed beam [14] . The primary key to this technology is an available, stable and powerful source of frequency doubling light sources as the pump of the optical parametric oscillator (OPO) to generate the vacuum squeezed state around the atomic transitions. For the typical OPO, the resonance threshold is about 200 mW and thus one needs the same order light power to pump the cavity [4, 13] . The significant alkali atomic transitions are usually near-infrared, and the frequency doublings of these lines are in blue or even ultra-violet regimes, which suffers seriously the absorption in many nonlinear crystals. Crystal heating due to the fundamental frequency wave with high intra-cavity circulating power and especially high absorption of the second harmonic beam limits both the mode matching efficiency and the performance of the second-harmonic generation (SHG). Obtaining a second-harmonic continuous wave source efficiently at relatively short wavelengths in the low pump regime remains an important issue.
The current technique of a high-quality blue beam generated by external cavity frequency doubling has been developed based on the use of nonlinear crystals placed in the enhancement cavity. To obtain high power and conversion efficiency of the second harmonic (SH), one can increase the pump power of the fundamental beam. In 1991, Polzik and Kimble obtained 650 mW of blue light at 430 nm with a pump power of 1.35 W using a KNbO 3 crystal in an optical ring cavity with conversion efficiency of 48%. Unfortunately, KNbO 3 showed strong blue light-induced infrared absorption (BLIIRA) [15] . In 2007, Villa et al obtained 330 mW blue light at 426 nm using a ring cavity with a PPKTP crystal and a weakly focusing pump. The waist of the fundamental beam was approximately twice as large as the corresponding optimal beam size [16] , and the conversion efficiency was as high as 55% at the mode matching fundamental power of 600 mW [17] . Recently, Marco Pizzocaro et al used a 1.3 W continuous wave titanium-sapphire laser at 798 nm with a LBO crystal in a ring cavity and got a SH power of 1.0 W and the conversion efficiency was 80% [18] . Due to the faint maximum single pass nonlinearity (of the order of » --E 10 W , NL 4 1 ) LBO crystal is only suitable for the frequency conversion of high pump power. However, low pumping is conducive to miniaturization of the SHG system, improvement the photothermal stabilization, and reduction the overall cost. Since the second harmonic power is quadratic to the incident fundamental wave (FW) power, the reduced FW power leads to a lower energy density inside the cavity, which usually causes the low conversion efficiency. To improve the efficiency, the experimental configuruations must be optimized. In 2003, with the moderate pump of 400 mW, an overall optical conversion efficiency of 60% was achieved at 423 nm by using a periodically-poled potassium titanyl phosphate (PPKTP) crystal. Because of the tight focusing inside the crystal, thermal-effect-induced bistability became a serious problem, and made it impossible to lock the cavity on a maximum for a long time. The thermal lensing effect also limits the mode-matching efficiency and must be taken into account in the experiments [19] . In 2005, a stable 461 nm blue light power of 234 mW with a net conversion efficiency of 75% at an input mode-matched power of 310 mW have been obtained [20] . However, it is challenging to double frequency at 852 nm corresponding to the cesium D2 line, for the generated harmonic lies in the band of more severe absorption of nonlinear materials [21] . Compared with the bow-tie configuration, standing-wave cavities provide a more compact and miniaturization design scheme with fewer optical components and thus lower losses. Irit Juwiler et al used a compact semimonolithic frequency-doubling cavity with PPKTP crystal, and achieved conversion efficiency of 56.5%, corresponding to a second-harmonic power of 117.5 mW at 532 nm with a continuous wave Nd:YAG pump power of 208 mW. It is worth mentioning that the second harmonic waves are generated in both the forward and backward directions, and it is necessary to carefully superpose these two waves constructively to obtain efficient frequency doubling [22] . By utilizing a monolithic PPKTP cavity, blue light generation at 426 nm by frequency doubling was also investigated but the conversion efficiencies were not good [23] .
To obtain a relatively high conversion efficiency in the low pumping regime, it is necessary to improve the performance of the entire system, including the mode-matching efficiency of the pump beam, the frequency doubling cavity design, and the cavity stability. In the present work, we have comprehensively investigated the effects of optimal focusing conditions on the overall SHG conversion efficiency. The analysis shows that both the fundamental frequency wave and second harmonic beam absorption-induced thermal lens has a great influence on the mode matching efficiency, and the key point for improving the efficiency is to handle the beam waist in the doubler crystal experimentally. Our SHG system, which corresponds to the cesium atomic band, works with a maximum pump power of around 310 mW and deliberately adopts a significantly loose focusing regime to reduce thermal lensing effects. Consequently, we obtained 210 mW of blue light at 426 nm with a optical conversion efficiencies of up to 67%. The compact system is highly stable with low losses, and it is suitable for pumping of an optical parametric oscillator for various applications.
Theoretical analysis
For a frequency doubling ring cavity, the enhancement of the fundamental power on resonance is given by [15, 24] :
where P 1 is the mode-matching fundamental wave (FW) power. L loss represents the intra-cavity FW round-trip losses excluding the transmission T 1 of the input coupler. These losses are mainly due to the absorption, scattering of the crystal and the imperfect coatings of the cavity mirrors. G includes all nonlinear losses and can be written in the form of
abs where E NL is the single pass conversion efficiency. The SH power is
G abs is the efficiency of the SH absorption process inside the crystal and the SH-absorbed power is = G P P .
abs abs c1 2
NL is the circulating FW power in the resonant cavity.
Based on equation (1), the overall conversion efficiency h = / P P 2 1 satisfies the following relation [19, 25] :
For a specified waist location at the center of the crystal, E NL can be given by the well-known Boyd and Kleinman expression [16] : On the optimal focusing conditions, the theoretical conversion efficiency reaches a maximum value of 83% whereas at m = w 60 m 0 the efficiency decreases to 76%. As the waist continues to increase, h will become even lower, which tells that it is necessary to choose the proper cavity waist in the In addition, optical-absorption-induced thermal effect forms the thermal gradient inside the crystal and the thermal lensing effect affects both the mode matching and the quality of the generated beam. A simple analytical model of a thermal lens can be obtained using a thin lens placed in the middle of the crystal. The dioptric power of thermal lens can then be expressed as [26] :
where f w1 and f w2 are the focal lengths of the thermal lens with respect to the absorption of the fundamental and frequency-doubled beams, respectively, and [27] : NL where P 1 is the fundamental wave power which is approximately 310 mW in our experiment.
To evaluate f ,
w2
we assumed that = P P c2 2 in equation (6) . Because the SH is not homogeneous along the length of the crystal ( = P 0 2 at = z 0, and P 2 is a maximum at = z L , C ) equation (6) can only be used to estimate f w2 with the blue beam waist = w w 2 02 0 [20] . As shown in 
where M is the FW mode-matching efficiency, w z 1 ( ) is the FW beam radius at /e 1 of the amplitude, w z e ( ) are that of the cavity eigenmodes, and
The blue solid line in figure 2 shows the change in the mode-matching efficiency with increasing waist on low pump conditions. For m = w 60 m 0 of the loose focusing regime the matching efficiency is close to 91%, while for 'optimal' focused in tight focusing regime it is reduced to 32%. Strong focusing results in larger mode-matching losses of the input pump power, which leads to the reduced final frequency conversion efficiency. Therefore, to obtain high SH efficiency, weak focusing conditions are necessary to reduce the thermal effects. The red solid line in figure 1 The conversion efficiency in this case is about 78% theoretically.
Finally, optical impedance matching is also an important issue that must be considered in this process. The coupling coefficient of the input coupler can be optimized for the total losses, including the linear and nonlinear losses, for a given pump power P 1 and nonlinearity E .
NL The optimal transmission T 1 opt of the input coupler can then be expressed as [19, 25] so the optimal T 1 opt is 8% 10% -.
Experimental setup
A schematic of the experimental setup is shown in figure 3 . A continuous-wave (CW) single longitudinal-mode Ti:sapphire laser, which is locked at the D2 transition of cesium atoms, provides the pump beam. A 30 dB isolator is used to eliminate back-reflected light. The beam is mode cleaned by a polarization-maintaining single-mode fiber and mode matched into the OPO by lens L1. The measured mode-matched efficiency is approximately 94%, and the cavity mode is the TEM 00 single longitudinal mode. A half-wave plate is used to adjust the pump beam polarization to match it to the crystal axis. We have used a symmetrical bow-tie ring cavity containing a PPKTP nonlinear crystal. This PPKTP crystal offers some significant advantages, including a large nonlinear coefficient, which is suitable for doubling in the low power regime, an absence of walk-off, which limits the efficiency and creates an astigmatic beam, reduced sensitivity to photorefractive optical damage, and no BLIIRA [19] . The PPKTP crystal (manufactured by Raicol) has dimensions of´1 mm 2 mm 20 mm with first-order poling for type I quasi-phase matching. The crystal poling period is approximately m 4 m. Both end surfaces are antireflection-coated for both the fundamental and SH wavelengths. The crystal is mounted in a homemade copper oven that is controlled by a temperature controller (ITC502, Thorlabs, Inc.). The cavity consists of two planar mirrors, M1 and M2, and two concaveconvex mirrors, M3 and M4, that have a radius of curvature of 100 mm. We choose transmission of 10% for the input coupler mirror M1, and a PZT is bonded to the highly reflective mirror M2 (reflectivity of 99.9% at the fundamental wavelength) which is then used to control the cavity length. The curved mirrors M3 and M4 are super mirrors with reflectivity of 99.9998% at 852 nm and a transmission coefficient of 78% at 426 nm. The total cavity length is approximately 489 mm with a folding angle of 5.2 degrees, which leads to negligible astigmatism [29] . The distance between | changes from 0.06 to 0.07, which means that our frequency doubling cavity still retains adequate 'stability margin' [31] . This well-designed system can improve the SHG power stability.
Experimental results and discussions
To characterize the PPKTP crystal, we measured the SH output power transmitting through M4 in a single-pass configuration as a function of temperature by removing the input coupler (M1). The focusing is the same as the actual resonant situation. We finish the measurement sequence at a low incident fundamental wave power of 110.5 mW to reduce any unwanted contributions from the thermal effects. The temperature changes from 46°C to 49.4°C. The maximum SHG power of m 177 W is generated at the best phase matching temperature of 47.8°C, and this corresponds to The cavity length is locked by using the standard phasesensitive dither-and-lock method. A dither modulation is applied to the piezoelectric transducer mounted on M2 and the bandwidth of the servo loop is about 10 kHz (see figure 3 ) [34] . When the cavity is locked, we can measure both the SHG power and the conversion efficiency with respect to the incident fundamental wave power. The results are shown in figure 6 . The red dots indicate the measured results, while green dot-dashed and blue solid lines are the theoretical calculation without and with thermal lens effect, respectively. Here, the intra-cavity loss L loss is measured to be 1.3% [35] . A maximum SHG power of 210 mW is obtained for the input mode-matched FW power of 310 mW, which corresponds to a conversion efficiency of 67%. The obtained results are in good agreement with the theory when the pump power is relatively low and the thermal effect is considered. When the pump power increases to more than 270 mW, there are some discrepancies between the theoretical and experimental results. These discrepancies may be attributed to the residual blue-absorption-induced thermal effect. This residual heating effect will change the cavity length and form a thermal gradient inside the crystal, destroying the previous focusing conditions, and thus affecting the fundamental beam propagation and reducing the mode-matching efficiency.
We have tested other four different cavities with different eigenmode waist radius of m 28 m, m 44 m, m 57 m and m 70 m, respectively. The experimental results are shown in figure 7 . The best results were obtained with waist of m 51 m and this shows that by using over twice as loose as optimal focusing, the absorption-induced thermal lensing effects is minimized while still maintaining the satisfying overall conversion efficiency. This result is consistent with our theoretical analysis.
Finally, the SH output power stability is measured at 128 mW for over 40 min in CW mode. The results are shown in figure 8 . The root mean square (RMS) fluctuation is 1.5%. This fluctuation should partly be attributed to the slow variation of the FW power and residual absorption-induced thermally dephasing at higher power operation.
Conclusion
We have generated blue light at 426 nm by high-efficiency frequency doubling of the output of a Ti:sapphire laser working at a low pump level. A PPKTP crystal is placed in a bow-tie four-mirror ring enhancement cavity. A maximum blue light power of 210 mW is obtained from a mode-matched fundamental wave power of approximately 310 mW, and the measured conversion efficiency is about 67%. The SHG stability is measured at 128 mW, and gives an RMS fluctuation value of 1.5% over about 40 min. We analyzed the effect of the beam waist and confirmed that weak focusing and a well-designed cavity enable us to reduce the thermal effect and improve the performance of the frequency doubler. In the low pump regime, SHG is mainly limited by the intracavity losses. This stable and high-efficiency frequency doubling system is suitable for many applications in quantum state generation at atomic transitions, laser spectroscopy, and atom lithography.
